Neural crest stem cells (NCSCs) give rise to the neurons and glia of the peripheral nervous system (PNS). NCSC-like cells can be isolated from multiple peripheral organs and maintained in neurosphere culture. Combining in vitro culture and transplantation, we show that expanded embryonic NCSC-like cells lose PNS traits and are reprogrammed to generate CNS cell types. When transplanted into the embryonic or adult mouse CNS, they differentiate predominantly into cells of the oligodendrocyte lineage without any signs of tumor formation. NCSC-derived oligodendrocytes generate CNS myelin and contribute to the repair of the myelin deficiency in shiverer mice. These results demonstrate a reprogramming of PNS progenitors to CNS fates without genetic modification and imply that PNS cells could be a potential source for cell-based CNS therapy.
Introduction
The neural crest is a population of multipotent stem cell-like cells that gives rise to sensory and autonomic neurons of the peripheral nervous system (PNS), ganglion satellite glia, axon-ensheathing Schwann cells, melanocytes, and mesenchymal derivatives in the head (Le Douarin and Kalcheim, 1999) . The neural crest is formed during gastrulation at the border between presumptive neural epithelium and future epidermis (Sauka-Spengler and Bronner-Fraser, 2008) . During late neurulation, the neural crest acquires a dorsal position in the closing neural tube. After epithelial-mesodermal transition, neural crest cells leave the neural tube and migrate along defined pathways to their final destinations where terminal differentiation takes place. Neural crest progenitors were characterized as neural crest stem cells (NCSCs) by their ability to self-renew and to generate different neural and non-neural subtypes in vitro and in vivo (Stemple and Anderson, 1992; Trentin et al., 2004) . NCSCs isolated from different postmigratory regions of the developing and mature PNS show intrinsic differences in their potential to generate different neural crest-derived cell fates (Duff et al., 1991; Morrison et al., 1999; Bixby et al., 2002; Kruger et al., 2002; Molofsky et al., 2003; Sieber-Blum et al., 2004; Hjerling-Leffler et al., 2005; DelfinoMachín et al., 2007; Mosher et al., 2007; Fernandes et al., 2008) . Recent evidence suggests that stem cells and glial cells from embryonic peripheral ganglia are not restricted to PNS fates. Under specific in vitro or in vivo conditions, they can give rise to mixed progeny that includes CNS phenotypes, in particular cells of the oligodendrocyte and astrocyte lineages (Fex Svenningsen et al., 2004; Zujovic et al., 2010) . These findings are in line with the observation that the reverse fate change, the reprogramming of CNS progenitors to Schwann cells, is elicited in brain lesions (Keirstead et al., 1999; Zawadzka et al., 2010) . The fate of CNS neural stem cells is also modulated in vitro (Gabay et al., 2003; Hack et al., 2004) , which includes the acquisition of NCSC properties under the influence of bone morphogenetic proteins (BMPs) (Gajavelli et al., 2004; Sailer et al., 2005; Busch et al., 2006) . Thus, culture and lesion conditions may promote reprogramming and diversity of stem cells that were fate-restricted in vivo by niche signals.
The aim of the present study was to define culture conditions for NCSCs that result in a switch toward CNS fates and to characterize the identity of phenotypes on implantation in vivo. We now demonstrate that embryonic dorsal root (DRG)-derived NCSCs can be propagated as neurosphere cultures and reprogrammed to stem cells [reprogrammed NCSCs (rNCSCs) ] that generate exclusively CNS progeny without genetic modification or expression of exogenous transcription factors. On transplantation into embryonic, postnatal, and adult brains, these rNCSC-derived neural stem cells generate predominantly oligodendrocytes that are able to functionally repair demyelinated lesions and dysmyelinated shiverer brains. These studies show efficient reprogramming of PNS into CNS stem cells in culture and demonstrate in vivo the high-yield production of oligodendrocytes from the rNCSCs. 
Materials and Methods
Animals, isolation, and neurosphere culture of dorsal root ganglion stem cells. All mice were kept under pathogen-free conditions in accordance with institutional guidelines. DRG were isolated either from wild-type C57BL/6J or enhanced green fluorescent protein (eGFP) mice (Okabe et al., 1997) at embryonic day 12.5 (E12.5) and postnatal day 3 (P3). Dorsal and ventral roots were carefully removed after dissection. To obtain a single-cell solution, the DRGs were dissociated enzymatically by trypsinization, followed by mechanical trituration with a fire-polished Pasteur pipette. Cells were seeded in uncoated bacterial dishes at a density of 60,000 -80,000 cells/ml and cultured in serum-free medium containing 20 ng/ml bFGF (basic fibroblast growth factor) (Invitrogen), 20 ng/ml epidermal growth factor (EGF) (Invitrogen), 0.5 U/ml heparin (Sigma-Aldrich), 1% N2 (Invitrogen), 1% B27 (Invitrogen), and 1% penicillin-streptomycin (P/S) (Invitrogen) in DMEM/F12 (SigmaAldrich). After 5-7 d in vitro, primary neurospheres were collected and counted (to determine the self-renewal capacity). Subsequently, the neurospheres were incubated in Accutase (PAA Laboratories) for 30 min and dissociated into single cells with a fire-polished Pasteur pipette. Cells were then plated for secondary sphere formation. For additional analysis, passage 3 or 10 neurospheres were used. To generate clonal neurospheres, second passage neurospheres were dissociated and the singlecell suspension subsequently diluted to plate statistically 1 cell/well on 96-well plates. Only single-cell-derived neurospheres were analyzed.
For some experiments, neurospheres were generated and passaged in serum-free EGF/FGF medium supplemented with 15% chick embryo extract (CEE) or with 10% CEE and 10 ng/ml BMP4.
Neurosphere differentiation and cell fate analysis in vitro. Clonal neurospheres were transferred into differentiation conditions (DMEM/F12 with B27 supplements, 50 nM retinoic acid, 1.5% FCS, 1% P/S without EGF and FGF) and cultured on poly-L-ornithine/laminin-coated fourwell plates for 7 d. To favor Schwann cell differentiation, DMEM/F12 with B27 supplements, 1% FCS, 4 M forskolin, and 50 ng/ml neuregulin was used in some experiments as differentiation medium, and these cultures were maintained up to 28 d. The cells were fixed and stained for TuJ1, Map2, GFAP, peripherin, Olig2, O4, p75, and Sox10 using standard protocols (Ernsberger et al., 1989) . Primary antibodies used were mouse and rabbit anti-Tuj1 (1:500 and 1:400; HISS Diagnostic), mouse anti-Map2 (1:500; Sigma-Aldrich), mouse and rabbit anti-GFAP (1:500; Sigma-Aldrich), mouse and rabbit anti-peripherin (1:1000 and 1:500; Abcam and Millipore Bioscience Research Reagents), rabbit anti-Olig2 (1:500; Millipore) and mouse anti-O4 (1:20; hybridoma supernatant; hybridoma cells kindly provided by M. Schachner, Center for Molecular Neurobiology, Hamburg, Germany), rabbit anti-p75 (1:600; kindly provided by Moses Chao, Skirball Institute, New York University School of Medicine, New York, NY; 1:750; Promega), and guinea pig anti-Sox10 (1:1000; kindly provided by M. Wegner, Institute for Biochemistry, University of Erlangen, Erlangen, Germany). Secondary antibodies (in PBT-2) were incubated for 45 min and subsequently washed in PBS. For O4 surface antigen staining, cells were washed in PBS plus 0.1% BSA (PBSA) and incubated with the primary antibody (in PBSA) for 20 min. Cells were washed in PBS and fixed in 0.1 M NaH 2 PO 4 with 4% paraformaldehyde followed by several washing steps with PBS. Secondary antibody treatment was as described above.
RNA extraction and LightCycler analysis. Total RNA was extracted using RNeasy kits following manufacturer's instructions (QIAGEN). Equal amounts of RNA were used to synthesize cDNA with oligo-dT primers and SuperScript III reverse transcriptase (Invitrogen). PCR was performed in a Mx3000P LightCycler from Stratagene using Absolute Blue SYBR Green Master Mix (ABgene). Reaction was performed according to the manufacturer's instructions (ABgene) with 2 l of cDNA. PCRs were run as follows: 30 s of denaturing (94°C), 30 s of annealing (58°C), and 30 s of elongation (72°C). Signals were collected every cycle after annealing, and background was determined by applying ROX reference dye. The Mx3000P software was used to read out C t values. C t values were normalized to GAPDH to compensate for variability in loading and general transcriptional effects via the ⌬⌬C t method. GAPDH appeared between 18 and 20 cycles; therefore, only C t values Ͻ30 cycles were taken into account (ϩ, signal before 30 cycles; Ϫ, no signal at 30 cycles; ϩϩϩ, rating for high expression changes; Ϯ, reduction compared with other samples, n.a., not analyzed). Quantitative PCR (qPCR) primer sequences for Ascl1, Nkx2.2, Pax6, Islet1, Olig1/2, and GAPDH were taken from Hack et al. (2004) , whereas qPCR primer sequences for HoxC10, Abcg2, Cav2, and Mro originate from Kelly et al. (2009) . All other primers (MWG Biotech) were designed for optimally annealing at 58°C with PerlPrimer (Marshall, 2004) . See list of primers in Table 1 .
Ultrasound biomicroscopy imaging and ultrasound biomicroscopyguided injections. Ultrasound imaging and guided microinjections were performed with a VS40 small-animal ultrasound backscatter microscope (VisualSonics), using a transducer frequency of 40 MHz with B-scan imaging under animal experimentation license number G03/11. The penetration of the ultrasound was ϳ6 -10 mm. Beveled glass microcapillary needles (80 -100 m; Drummond) were filled with mineral oil, mounted on a microinjector (Drummond), and backfilled with injectant. High-density cell suspensions (ϳ5 cells/nl) of dissociated neurospheres in DMEM/F12 medium were front-loaded into the injection needle and 250 nl of cell suspension corresponding to ϳ1300 cells was injected into the forebrain vesicle of E10.5 mouse embryos. Postoperative care was according to institutional and German federal guidelines.
Tissue sectioning and immunohistochemistry after cell transplantation into embryos. Host embryos were collected 7 d after transplantation or up to 6 months of age. Entire embryos or embryonic brains (E17.5) were isolated and fixed in 4% paraformaldehyde in PBS for 1 h, mounted in 2% agarose in PBS, and sectioned at 20 m by vibratome (Leica). Adult host mice were perfused transcardially first with ice-cold 0.1 M phosphate buffer and then with ice-cold 4% paraformaldehyde in 0.1 M phosphate buffer. The brains were removed and postfixed overnight in 4% paraformaldehyde in 0.1 M phosphate buffer, washed extensively in PBS, mounted in 2% agarose in PBS, and at 20 m sectioned by vibratome (Leica). Free-floating sections were immunostained for 2 h at room temperature or overnight at 4°C with antibodies against BLBP (brain lipid binding protein) ( 
ExpressionanalysisoftranscriptionfactorsspecificforCNSandPNSinmouseE12.5DRG,E12.5spinalcordpreparations(SC), and neurospheres (NS) of the 3rd and 10th passages. Gene expression was normalized to GAPDH, and only C t values Ͻ30 cyclesweretakenintoaccount(seeMaterialsandMethods).ϩ,Signalbefore30cycles;Ϫ,nosignalat30cycles;ϩϩϩ, rating for high expression changes; Ϯ, reduction compared with other samples; n.a., not analyzed.
a
Islet1 expression levels were strongly altered (3.3 Ϯ 0.3-, 25.2 Ϯ 1.5-, and 33.2 Ϯ 6.8-fold more transcripts in DRG than in SC, 3rd and 10th passage NS, respectively).
b
Spinal cord marker genes: expression in NS 5-to 10-fold increased compared with DRG and SC.
c Genes expressed in E14.5 cortex but not E12.5 spinal cord (data not shown) (Kelly et al., 2009 ).
Reagents), peripherin (polyclonal rabbit antibody; 1:1000; kind gift from Dr. P. Brophy, Centre for Neuroregeneration, University of Edinburgh, Edinburgh, UK), PMP22 (polyclonal rabbit antibody; 1:200; kind gift from Dr. U. Suter, Institute of Cell Biology, ETH, Zurich, Switzerland), proliferating cell nuclear antigen (PCNA) (monoclonal mouse antibody; 1:1000; Dako), S100␤ (polyclonal rabbit antibody; 1:200; Swant). Bound antibody was detected with Cy3-conjugated goat anti-rabbit Ig (1:300; Jackson ImmunoResearch Laboratories) or FITC-conjugated goat anti-mouse Ig (1:300; Jackson ImmunoResearch Laboratories) as described previously (Lütolf et al., 2002; Nyfeler et al., 2005; Basak and Taylor, 2007; Neumeister et al., 2009 ). Images were collected using an Axioskop 2 microscope (Zeiss) in conjunction with a Zeiss Axiocam or Zeiss confocal microscope (LSM 510 META). Image processing was performed with Adobe Photoshop CS software.
Quantification, cell counting, and statistical analysis after cell transplantation into embryos.
Overview images of the brain regions and olfactory bulb were acquired with a fluorescent binocular (MZ16; Leica) or an Axioskop 2 microscope (Zeiss) in conjunction with a Zeiss Axiocam or Zeiss confocal microscope (LSM 510 META). For analysis, selected areas of each brain region on multiple sections (three to five) and three to five independent animals were examined. For positional mapping and distribution analysis of grafted cells in the brain, 20 m vibratome sections at ϳ300 m intervals were stained with 4Ј,6-diamidino-2-phenylindole (DAPI) and analyzed at 20ϫ objective. Composite pictures were assembled and individual GFP ϩ cell bodies (containing nuclei) were counted. The levels of the positive sections are indicated relative to bregma. GFP ϩ cells and the coexpression of relevant antigen were scored using Adobe Photoshop CS4 and ImageJ software.
Neonatal grafting. Neurosphere cultures (at four to eight passages) were mechanically dissociated to single cells. A total of 50,000 cells in 1-2 l of culture medium was injected using a pulled glass capillary into shiverer neonates of mixed sex at P2 or P5. Animals were anesthetized by hypothermia, and cells were injected 2-3 mm under the surface of the skull into the forebrain. Pups were warmed up until they fully recovered from anesthesia and were returned to their mother. Grafted animals were perfused for immunohistochemistry at 30, 40, 90, and 120 d postinjection as described above.
Focal demyelinating lesion and adult grafting. Focal demyelinating lesions were induced in anesthetized 3-to 4-month-old female C57BL/6 mice by a stereotaxic injection of 1.5 l of a solution of 1% lysolecithin (LPC) (Sigma-Aldrich) in 0.9% NaCl into the corpus callosum (at coordinates: 1 mm lateral, 1 mm rostral to bregma, 1.2 mm below the surface of the brain). A total of 50,000 neurospherederived cells in 1-1.5 l of culture medium was injected at similar coordinates for the LPC into the contralateral hemisphere (at 2 mm distance from the LPC lesion). Animals were perfused at 14 and 30 dpi as described above. Electron microscopy. shiverer mice (P72-P90) were perfused with 4% glutaraldehyde in Sorensen buffer. Brains were sectioned (300 m) with a tissue chopper (McIlwain) and regions containing grafted GFP ϩ cells were dissected out under a fluorescent binocular (MZ16; Leica). Similar regions contralateral to the grafted region were used as controls. Tissue samples were osmicated, dehydrated in ethanol, and embedded in Epon. Ultrathin sections were made using a Leica EM UC7 ultramicrotome and micrographs were taken with a Philips CM120 electronic microscope.
Immunohistochemistry, image acquisition, and processing after neonatal and adult grafting. Postnatal and adult mice were perfused with chilled 2% paraformaldehyde (Sigma-Aldrich), cryoprotected in PBS with 20% sucrose overnight, and included in OCT for freezing. Samples were embedded in OCT (BDH) and sectioned at 14 m sections with a cryostat (Leica) and then processed for immunohistochemistry or stored at Ϫ80°C. Sections were incubated in a blocking solution [PBS plus 10% normal goat serum (Vector Laboratories) and 0.1% Tween 20 or Triton X-100] and then with primary antibodies overnight at 4°C. The following primary antibodies were used: mouse monoclonal antibodies to 
Results
NCSCs lose their PNS identity and adopt CNS fates in neurosphere cultures NCSC-like cells are present in ganglia of the peripheral nervous system, but their differentiation potential has not been studied extensively. Using defined culture conditions, NCSC-like cells from E12.5 DRGs gave rise to neurospheres that retained self-renewal capacity over Ͼ10 passages (Fig. 1 A, B) . On differentiation, clonal NCSC-derived neurospheres generated neurons (Tuj1 ϩ , Map2 ϩ ) and glia (GFAP ϩ , O4 ϩ ) (Fig. 1C,D) . Interestingly, Tuj1 ϩ cells in the NCSC-derived neurospheres were devoid of peripherin and the neural crest marker p75 (Fig. 1 E, F ) , which are normally expressed by PNS neurons including DRG neurons ( Fig.  1O,P) . This was confirmed by qPCR analysis, which showed a 21-fold (Ϯ5; n ϭ 3) and 42-fold (Ϯ11; n ϭ 3) reduction of peripherin and p75 mRNA expression, respectively, in third-passage neurospheres compared with E12.5 DRG cultures. Neurosphere-derived glial cells were also p75 Ϫ and showed neither the typical PNS-specific coexpression of GFAP and O4, nor the morphology characteristic for immature Schwann and satellite cells (Jessen and Mirsky, 2005) . In contrast, the GFAP ϩ cells that were generated in these cultures displayed CNS astroglial morphology (Fig. 1G ) and O4 ϩ cells had an oligodendrocyte-like morphology ( Fig.  1 H, I ). Moreover, all O4 ϩ cells coexpressed Olig2 (Fig. 1 H, I ), a CNS-specific transcription factor of the oligodendroglial lineage and some CNS progenitors, which is absent from PNS cells (Fig. 1S) . In addition to O4 ϩ and Olig2 ϩ oligodendrocyte-like cells, large numbers of O4 Ϫ , Olig2 ϩ progenitors were also present in NCSC-derived neurospheres, and all clonal neurospheres analyzed (n ϭ 58) contained CNS-specific Olig2 ϩ cells (Fig.  1C,D) , whereas O4 ϩ oligodendrocytes were detected in only ϳ30% of the clones (Fig.  1C,D ϩ astrocytes were also obtained from P3 DRG that could be maintained for Ͼ10 passages (Fig. 1J-N) . The only difference compared with E12.5 neurospheres was that Tuj1 ϩ , peripherin Ϫ neurons differentiating from P3 DRG NCSCs coexpressed p75, which may be explained by the acquisition of the PNS marker under the differentiation conditions used.
These findings suggest that embryonic and postnatal NCSCderived cells lose their PNS identity and can adopt CNS fates. Indeed, genes expressed in the DRG are lost (Sox10, Runx3) or strongly decreased (Islet1, p75) ( Table 2 d after isolation, DRG-derived NCSCs (Fig. 2 A) and primary neurospheres (Fig. 2 B) were Sox10-GFP ϩ . Subsequently, primary neurosphere downregulated Sox10-GFP expression with time in culture (5 and 7 d) (Fig. 2C,D) . Moreover, secondary neurospheres were Sox10-GFP Ϫ (Fig. 2 E) , supporting the loss of NCSC traits. These findings are in agreement with the immunohistochemical and qPCR analysis (Fig. 1, Table 2 ) and demonstrate that DRG-derived neurospheres are derived from Sox10-expressing cells of neural crest origin.
Although PNS characteristics are lost in neurosphere cultures, ventral spinal cord-enriched genes are induced, including genes of the oligodendrocyte lineage (Nkx2.2, Nkx6.1, Olig1, Olig2) (Table 2 ). In contrast, the anteroposterior identity is maintained by DRG-derived neurospheres as shown by the absence of forebrain markers and the continued expression of Hox genes (Table  2) . These results suggest that NCSCs are reprogrammed to CNS stem cells with a ventral spinal cord identity, which we term here as rNCSCs.
Mechanism of NCSC reprogramming in neurosphere culture
It has been shown that the regional and cell type-specific differentiation of CNS neural stem cells is repressed by the growth factors FGF and EGF (Hack et al., 2004) , and, in parallel, their developmental potential is increased (Gabay et al., 2003) . In ad- dition, virtually all NCSC-derived neurospheres induce the expression of Olig2, which is required for self-renewal and neuron and oligodendrocyte formation in CNS neurospheres (Hack et al., 2004) . Thus, we investigated the role of EGF and FGF in the reprogramming of DRG-derived NCSCs to progenitors with CNS fates (rNCSCs). In the absence of EGF, a similar proportion of O4 ϩ /Olig2 ϩ oligodendrocyte-like cells was generated; however, they displayed a less mature morphology compared with cells cultured in EGF and FGF (Fig. 3 A, B) . Thus, in neurosphere cultures with high FGF concentrations, EGF is less important for oligodendrocyte generation but promotes oligodendrocyte development as shown for the adult subventricular zone (SVZ) (Gonzalez-Perez et al., 2009 ). In the absence of FGF, DRG neurospheres could not be maintained beyond passage 2 [in contrast to embryonic spinal cord neurosphere cultures (data not shown)], which precluded the analysis of reprogramming effects of FGF on DRG-derived NCSCs.
Interestingly, the reprogramming to cells with the morphological and antigenic characteristics of oligodendrocytes is completely absent using NCSC-neurosphere culture conditions that include CEE (Fig. 3C) (Molofsky et al., 2003) . Instead, DRGderived NCSCs generated large numbers of p75 ϩ /Sox10 ϩ cells with Schwann cell morphology (Fig. 3G,G 1 ) and only few GFAP ϩ cells (Fig. 3K ) . Reprogramming to CNS fates is completely prevented when NCSC-neurospheres are expanded in the presence of CEE and BMP4. Cultures of differentiated CEE/BMP4 neurospheres displayed only p75 ϩ PNS glial ( Fig. 3L ) and neuronal (data not shown) phenotypes and were devoid of Olig2 ϩ and GFAP ϩ cells (Fig. 3 D, P) . In contrast, third-passage neurospheres expanded with FGF/EGF in the absence of CEE did not generate p75 ϩ /Sox10 ϩ cells even when differentiated in the presence of neuregulin and forskolin for 28 d (data not shown).
rNCSCs predominantly generate oligodendrocytes when transplanted into the embryonic brain
We addressed whether the CNS fate acquired by the rNCSCs progeny is stable. Therefore, we transplanted dissociated DRG neurosphere cells from mice carrying a ubiquitously expressed eGFP into forebrains of wild-type embryonic day 10.5 mice (Fig. 4 A) and analyzed the host brains for grafted cells perinatally and 5 months after transplantation. The degree of engraftment was remarkable and the NCSC-derived cells survived into adulthood (Figs. 4 B, C, 5) . Most of the grafted cells (66 Ϯ 4%) expressed Olig2 regardless of their anatomical location (Fig. 4 D-F ) . Within the white matter tracts, NCSCderived Olig2 ϩ cells expressed myelin markers including CNPase (Fig. 4G,H ) and MBP (Fig. 4 J, K ) and were intermingled with myelinating host oligodendrocytes (Fig. 4 H, J ) . Some GFP ϩ cells showed the typical stellar astroglial morphology and expressed the astroglial proteins GFAP and S100␤ but not the Schwann cell protein PMP22 (Fig. 5) (data not shown) . Occasional GFP ϩ cells were observed that expressed the neuronal protein Map2 but neither NeuN nor the PNS sensory neuron markers Islet1/2 (Fig. 5) (data not shown) . The lack of NeuN expression suggests that the neurons are potentially arrested at some point of immaturity. Over the entire brain, 16.4 Ϯ 10.3% of the GFP ϩ grafted cells expressed Map2. We occasionally observed dividing PCNA-positive cells but never detected signs of hyperplasia or tumor formation (data not shown). Therefore, NCSC-derived cells expanded in culture and transplanted into the embryonic brain predominantly generated oligodendroglial cells.
rNCSCs differentiate into myelinating oligodendrocytes in the adult brain CNS neural stem cells and stem cell-derived glial progenitor cells grafted into the brains of myelin-deficient hosts generate oligodendrocytes that myelinate axons (Archer et al., 1997; Eftekharpour et al., 2007; Windrem et al., 2008) . When transplanted into the embryonic brain, rNCSCs preferentially differentiated into cells with oligodendroglial phenotypes. To establish whether they could differentiate into myelinating oligodendrocytes, we transplanted rNCSCs into the corpus callosum of adult mice, contralateral to a focal demyelinating lysolecithin lesion (Fig. 6 A) . toward the lesion region 2 mm away, indicating a high migratory capability of NCSCderived precursors. Lysolecithin lesions are remyelinated by endogenous precursors within 2-4 weeks (Nait-Oumesmar et al., 1999) . Nevertheless, most of the grafted cells (90 Ϯ 5.5%) (Fig. 6 H) (Fig. 6C,D) . Some grafted cells (GFP ϩ ) displayed an oligodendrocyte morphology and coexpressed oligodendrocyte markers (APC) (Fig. 6E ) and myelin proteins, including MOG (Fig. 6F) . Few grafted cells differentiated into astrocytes (9.6 Ϯ 3.5%) (Fig. 6G,H) , and we found little evidence for the generation of neurons. These data demonstrate that NCSC-derived cells preferentially differentiate into oligodendroglial cells when grafted into adult CNS environment.
Implanted rNCSCs generate functional myelination in brains of myelin-deficient shiverer mice
To provide direct and unequivocal evidence that rNSCSs can give rise to oligodendrocytes and generate functional myelination, we used shiverer myelin-deficient mice as hosts. In these dysmyelinating animals, endogenous oligodendrocytes do not produce compact myelin Privat et al., 1979) and lack functional nodes of Ranvier (Rasband et al., 1999) . GFP ϩ rNCSC-derived cells grafted perinatally into the forebrain disperse, migrating preferentially along white matter tracks into different regions of the brain (including the cerebral cortex, striatum, thalamus, hippocampus, corpus callosum, anterior commissure, and fimbria) (Figs. 7A-D, 8 ). Four months after transplantation, grafted cells differentiated almost exclusively into oligodendroglia (97%, either OPCs or more mature oligodendrocytes) (Fig. 7C-F,I ), the majority of which (up to 60%) were myelinating MBP ϩ oligodendrocytes (Fig. 7I ). The conclusion that rNCSCs give rise to differentiated myelinating oligodendrocytes in shiverer is supported by the following: (1) the typical morphology of oligodendrocytes with several parallel segments expressing myelin MBP protein (Figs. 7C-F, 8) ; (2) coexpression of several myelin proteins (PLP, MAG) ( Fig. 8A-C) , including MOG (Figs. 7F, 9) but not the peripheral myelin-specific protein P0 (Fig. 8D,E) ; (3) formation of myelin-expressing segments corresponding to ensheathment of several axonal segments by the same cell, which distinguishes oligodendrocytes from Schwann cells (Fig. 8F,F 1 ,F 2 ) ; and (4) formation of nodes of Ranvier. We analyzed proteins associated with nodes of Ranvier in more detail. shiverer CNS myelin lacks the normal localization of Caspr at paranodes and Ankyrin-G and clustered Na v channels at the nodes of Ranvier (Rasband et al., 1999) , including the Na v channel subunit Na v 1.6 specific for mature nodes (Boiko et al., 2001; Windrem et al., 2008) . We found that rNCSC-derived, grafted cells could restore myelin formation and generate normal nodes of Ranvier with the correct localization of Ankyrin-G, Na v 1.6 channels, and Caspr (Fig. 7G,H) . Most importantly, ultrastructural analysis by electron microscopy (EM) showed that grafted cells display ultrastructural characteristics of oligodendrocytes with oval or rounded nuclei, heterochromatin clustered adjacent to the nuclear envelop, and dense organelle-rich cytoplasm (Fig. 10CЈ,DЈ) (Mori and Leblond, 1970) . In addition, the grafted cells myelinate several segments of surrounding axons and produce compact myelin, which is absent in the MBP-deficient shiverer mice (Fig. 10, compare D 1 , D 2 , with D 1 Ј, D 2 Ј). EM also confirmed that grafted cells generate nodes of Ranvier showing a typical paranodal structure (Fig. 10E,E 1 ) , which is absent in shiverer mice (Rosenbluth, 1980; Poliak and Peles, 2003) .
The possibility that rNCSC-derived grafted cells displaying oligodendroglial characteristics are the result of cell fusion is unlikely as cell fusion is extremely rare [ϳ60 fusions per host brain were observed with grafted hematopoietic stem cells (Nern et al., 2009) ]. In our experiments, almost all GFP ϩ grafted cells (97%) had an oligodendroglial phenotype (ϳ7000 cells per brain). Indeed, we used confocal Z-stack images and three-dimensional reconstructions to check for GFP ϩ cells with more than one nucleus but we failed to find evidence of cell fusion (n ϭ 142 cells).
Discussion
During mammalian development, the neural differentiation potential of NCSCs is restricted to PNS neurons and glial cells. Here, we demonstrate that NCSCs can be reprogrammed in vitro without genetic modification and can generate myelinating oligodendrocytes upon grafting into embryonic brains, lesions within the adult brain, and brains of congenital dysmyelinated animals, without forming tumors. As most of the grafted cells were OPCs or mature oligodendrocytes, our data suggest that rNCSC- derived cells are a rich and promising source of oligodendrocytes for therapy of human demyelinating disorders (Franklin and ffrench-Constant, 2008 ).
Identity of sphere-forming cells in embryonic DRG
Our finding that neurospheres generated from the DRG are entirely composed of Sox10-expressing cells indicates that neurosphere-forming cells in embryonic DRG are neural crest derived (Hjerling-Leffler et al., 2005) . NCSCs or dedifferentiated glia are likely candidates for sphere-forming cells in our culture. Passageable neurosphere-forming cells with the potential to generate oligodendrocytes in vitro were obtained from mouse DRG up to P3, the latest stage analyzed. Interestingly, boundary cap (BC) cells, which sit at the interface between the spinal nerves and the spinal cord at entry points, show some potential to generate oligodendrocyte-like cells in culture and in vivo (Zujovic et al., 2010) . BC cells are dramatically reduced with development and practically absent postnatally (Coulpier et al., 2009 ). Furthermore, BC cells are absent from the P3 sciatic nerve that contains NCSC-like cells that generate neurospheres with large numbers of Olig2 ϩ cells (data not shown). Therefore, we propose that the majority of the cells that are reprogrammed in our cultures are NCSCs-like cells. Importantly, we can exclude contamination of our cultures with spinal cord cells as (1) the dissection procedure is well established, simple, and avoids CNS contaminations (Dromard et al., 2007) ; (2) acutely isolated cells in the culture lack spinal cord marker expression (Nkx2.2, Nkx6.1, Pax6 ) ( Table 2 ) and express the DRG-specific Runx3 (Table 2) ; (3) the expression profile in early short-term cultures reflects PNS but not CNS progenitors (Fig.  1) ; and (4) spinal cord progenitors but not DRG-derived neurospheres can be maintained in medium containing EGF alone (data not shown).
Reprogramming of neurosphere-forming NCSCs from the DRG
The expression of marker genes for neural crest progenitors, PNS neurons, and glia is massively downregulated in the neurosphere cultures by passage 3, whereas the expression of CNS progenitorrelated genes becomes increasingly prominent. As this represents a qualitative change in gene expression pattern that includes the onset of expression of genes that are completely absent in the entire PNS including Olig2, this cannot be explained by cell selection but rather reflects a shift in gene expression profile and hence the reprogramming of NCSCs. It has been demonstrated that high levels of EGF and FGF present in CNS neurosphere cultures are responsible for a loss of dorsoventral patterning (Gabay et al., 2003; Hack et al., 2004) , whereas anteroposterior identity is maintained (Kelly et al., 2009 ). Interestingly, reprogramming of DRG NCSCs also maintains anteroposterior patterning, as Hox genes associated with trunk specification continue to be expressed by rNCSCs and cortical markers are not upregulated. These findings, together with the expression of ventral spinal cord markers, indicate that NCSCs from trunk DRG acquire a ventral CNS trunk progenitor identity.
Reprogramming of DRG cells toward CNS glial fates has been previously observed on in vivo transplantation (Zujovic et al., 2010) and in serum-free cultures of DRG satellite cells (Fex Svenningsen et al., 2004) , but Schwann cells were the major glial phenotype generated under these conditions. In contrast, we found after several passages a virtually complete loss of PNS identity, which is also reflected by the difficulty/inability of these cells to acquire a Schwann cell phenotype. The extent of reprogramming seems to be reflected by the loss of peripherin (Hjerling-Leffler et al., 2005 ) and p75-expressing cells (present study) with increasing passage number and will also determine the possibility to induce Schwann cell differentiation (Aquino et al., 2006) . What are the signals involved in the reprogramming and induce CNS or repressing PNS fates? FGF is the major cause for the loss of dorsoventral identity in CNS neurosphere cultures (Hack et al., 2004 ). We could not address FGF as a reprogramming factor in our experiments as DRG neurospheres could not be maintained in its absence. However, when DRG NCSCs are expanded in the presence of chick embryo extract, which is commonly used for NCSC cultures (Morrison et al., 1999; Molofsky et al., 2003) , Sox10 ϩ p75 ϩ cells with Schwann cell-like morphology are generated from DRG NCSCs, and the development of Olig2 ϩ , O4 ϩ oligodendrocyte-like cells is abrogated. Furthermore, reprogramming to CNS fates is completely prevented in the presence of both chick embryo extract and BMP4. As BMP and FGF signals act in an opposing manner during cell specification in various tissues (De Robertis and Kuroda, 2004; Bénazet et al., 2009 ), inhibition of reprogramming by BMP4 implies FGF signaling in the induction of CNS fates. Although the reprogramming mechanism is still unclear, the different culture conditions described may be used to gain insight into the decision between CNS and PNS glial fate at the cellular and molecular level.
Transplanted rNCSCs mainly generate oligodendrocytes
Although our in vitro data demonstrated that reprogramming of PNS to CNS progenitors is feasible, it was essential to demonstrate that CNS progeny could also be generated in vivo from rNCSCs. Grafted rNCSCs not only survived in embryonic, postnatal, and adult brains, but differentiated into CNS progeny and preferentially into cells of the oligodendrocyte lineage. Although mainly astrocytes are generated when perinatal and postnatal CNS stem cells were injected into embryonic brains (Neumeister et al., 2009) , rNCSCs seem to be biased for oligodendrocyte development, which is only revealed in vivo. BC-derived cells directly grafted into lysolecithin lesions in the spinal cord preferentially generate Schwann cells and only few oligodendrocytes (Zujovic et al., 2010) , supporting the notion that our neurosphere culture conditions are essential for the efficient reprogramming of NCSCs. Although transplanted Schwann cells myelinate CNS axons in a variety of experimental models and can restore function of demyelinated axons, they integrate less efficiently into the host tissue compared with neural precursor/stem cells because of their limited migratory capacity in the CNS and with the inhibitory effect of astrocytes on their differentiation (Blakemore, 1984; Baron-Van Evercooren et al., 1992; Shields et al., 2000; Fairless et al., 2005; Zujovic et al., 2010) .
Are rNCSCs able to differentiate into mature myelinating oligodendrocytes and to produce functional CNS myelin? rNCSCs extensively engraft into the brain, similar to transplanted OPCs (Windrem et al., 2004 (Windrem et al., , 2008 Kessaris et al., 2006) but with the advantage of an easier and almost unlimited capacity for expansion in vitro. They migrate long distances both in neonatal shiverer brains and in focally demyelinated adult brains. When grafted into the shiverer mutant, rNCSCs differentiate predominantly to myelinating oligodendrocytes (Ͼ90%) with a typical multiprocess morphology, ensheathing several axonal segments and expressing CNS-specific myelin proteins including the oligodendrocyte-specific MOG. Moreover, rNCSCs form compact myelin and normal nodes of Ranvier. Although grafted rNCSCs generate compacted myelin in shiverer mice, this is relatively thin compared with normal myelin. This is attributable to the reduced axon diameter in shiverer mice and myelin thickness being proportional to axon diameter. In turn, axon diameter depends on the extent of coverage by oligodendrocytes along the entire axon (Piaton et al., 2010) . The transplantation of cells into dysmyelinated shiverer mice results in only partial engraftment and coverage along the entire length of the axon, much of which remains unmyelinated and thus diameter is not increased. In our experiments, it is very likely that not enough oligodendrocytes were grafted to cover the entire axonal length with compact myelin to induce increased axonal diameter, and thus only thin myelin is generated.
Within lysolecithin lesions in the adult brain, rNCSCs differentiated into OPCs but generated a low number of oligodendrocytes. This can be explained by the fact that endogenous OPCs and SVZ-generated progenitors compete with the grafted cells to repair the lesion (Nait-Oumesmar et al., 1999) , and given that transplanted rNCSCs are initially less mature and located at greater distance from the lesion, they are outcompeted.
In the present study, we demonstrate that NCSC-derived cells can be efficiently reprogrammed into cells that in vivo mainly generate myelinating oligodendrocytes. This opens the way to characterize the underlying molecular mechanisms of reprogramming NCSCs without genetic manipulation or expression of exogenous transcription factors and suggests that somatic stem cells may not be committed and thus amenable to conditions that can change their fate. Finally, our results suggest that reprogramming of NCSCs from other, more accessible and possibly adult sources may be used to promote cell-based therapies for myelin disorders (Franklin and ffrench-Constant, 2008; Martino et al., 2010) .
